The migration of lymphocytes into the CNS during viral encephalitis is hindered by the blood-brain barrier (BBB) such that most infiltrating cells remain localized to perivascular spaces. This sequestration of leukocytes away from the parenchyma is believed to protect the CNS from immunopathologic injury. Infections of the CNS with highly cytopathic neurotropic viruses, such as West Nile virus (WNV), however, require the parenchymal penetration of T lymphocytes for virus clearance and survival, suggesting that perivascular localization might hinder antiviral immune responses during WNV encephalitis. Using human and murine brain specimens from individuals with WNV encephalitis, we evaluated the expression of CXCL12 and its receptor, CXCR4, at the BBB and tested the hypothesis that inhibition of CXCR4 would promote T lymphocyte entry into the CNS parenchyma and increase viral clearance. Antagonism of CXCR4 significantly improved survival from lethal infection through enhanced intraparenchymal migration of WNV-specific CD8 ؉ T cells within the brain, leading to reduced viral loads and, surprisingly, decreased immunopathology at this site. The benefits of enhanced CD8 ؉ T cell infiltration suggest that pharmacologic targeting of CXCR4 may have therapeutic utility for the treatment of acute viral infections of the CNS.
The migration of lymphocytes into the CNS during viral encephalitis is hindered by the blood-brain barrier (BBB) such that most infiltrating cells remain localized to perivascular spaces. This sequestration of leukocytes away from the parenchyma is believed to protect the CNS from immunopathologic injury. Infections of the CNS with highly cytopathic neurotropic viruses, such as West Nile virus (WNV), however, require the parenchymal penetration of T lymphocytes for virus clearance and survival, suggesting that perivascular localization might hinder antiviral immune responses during WNV encephalitis. Using human and murine brain specimens from individuals with WNV encephalitis, we evaluated the expression of CXCL12 and its receptor, CXCR4, at the BBB and tested the hypothesis that inhibition of CXCR4 would promote T lymphocyte entry into the CNS parenchyma and increase viral clearance. Antagonism of CXCR4 significantly improved survival from lethal infection through enhanced intraparenchymal migration of WNV-specific CD8 ؉ T cells within the brain, leading to reduced viral loads and, surprisingly, decreased immunopathology at this site. The benefits of enhanced CD8 ؉ T cell infiltration suggest that pharmacologic targeting of CXCR4 may have therapeutic utility for the treatment of acute viral infections of the CNS. CD8 T cell ͉ CNS ͉ CXCL12 ͉ chemokine ͉ neuropathology U nder normal, uninflamed conditions, the CNS is an immuneprivileged site with minimal infiltration by inflammatory cells (1) . The limited trafficking of leukocytes is the result of restriction at the blood-brain barrier (BBB); the specialized microvasculature of the CNS that prevents the entry of cells through mechanisms that are incompletely understood. Although immune cell restriction may protect the brain from inappropriate immune activation and neuropathology (2) , it may also act as a barrier to successful pathogen clearance during acute infections of the CNS (3). Indeed, one of the hallmarks of viral encephalitis is the development of perivascular infiltrates comprised of virus-specific T cells with minimal invasion of the CNS parenchyma (4) . Thus, BBB restriction may limit CNS antiviral immune responses at the expense of delayed clearance of microbial agents.
Studies in mice suggest that polarized expression of the chemokine CXCL12 at the BBB localizes infiltrating mononuclear cells to the perivascular spaces of the CNS microvasculature, therefore limiting their entry into the CNS parenchyma (5) . CXCL12 expression is present along the basolateral surfaces of CNS endothelial cells where leukocytes, which ubiquitously express its receptor CXCR4, engage CXCL12 when attempting to enter the CNS. This subcompartment retention, which is analogous to the role of CXCL12 in lymphoid compartments (6) , could be an integral component of CNS protection from the pathologic consequences of immune cell activation (7) . In CNS autoimmune diseases, such as multiple sclerosis (MS) and its murine model experimental autoimmune encephalomyelitis (EAE), alterations in CXCL12 expression at the BBB contributes to the inappropriate entry of leukocytes, which is associated with significant glial cell activation and CNS injury (5, 8) . Whereas immunopathology is an established consequence of CNS lymphocyte entry during noncytopathic viral infections (9) , the effects of enhanced lymphocyte migration into the CNS parenchyma during cytopathic viral infections are less clear. Studies of CNS infections with cytopathic viruses, such as West Nile virus (WNV), suggest that lymphocyte presence promotes pathogen clearance but may also lead to immunopathology (10, 11) .
To study the role of CXCR4 in regulating lymphocyte trafficking within the CNS during viral encephalitis, we used a well characterized mouse model of WNV encephalitis. WNV, a cytolytic, neurotropic flavivirus that is now endemic in the Northern Hemisphere, causes neuro-invasive disease in the very young, elderly, and immunocompromised, particularly when cell-mediated immunity is impaired. In both humans and mice, WNV targets neurons throughout the CNS, leading to their injury and death (12, 13) . Studies in mice indicate that clearance of WNV within the CNS compartment requires the presence of effector CD8 ϩ T cells (14) . Thus, the WNV mouse model provides an ideal system in which to determine whether alterations in lymphocyte trafficking into the CNS affects disease outcome. Herein, we show that CXCL12-mediated localization of lymphocytes to the perivascular space modulates their ability to efficiently control infection during WNV encephalitis. Administration of a specific CXCR4 antagonist promoted the intraparenchymal migration of WNV-specific lymphocytes, enhanced viral clearance, and reduced immunopathology within the CNS compartment, leading to significant improvement in survival after WNV infection.
Results
Polarized Expression of CXCL12 at the BBB Restricts Leukocyte Infiltration During WNV Encephalitis. To define the specific roles of CXCL12 and CXCR4 in the neuropathogenesis of WNV encephalitis, we used an established mouse model of acute WNV infection (15) . Studies were performed with 5-week-old WT C57BL/6 mice, which have an Ϸ10% survival rate after s.c. infection with a virulent lineage I New York WNV strain (15) . Mice were inoculated with 10 pfu of WNV and examined for brain expression of CXCL12 and CXCR4. Two isoforms of CXCL12 were constitutively expressed in the CNS and have distinct localization and functions: CXCL12␣ and CXCL12␤ are expressed by subpopulations of neurons and endothelial cells in the microvasculature, respectively (16) . Analysis of CXCL12␣ and ␤ mRNA levels from uninfected and WNVinfected mice at various days after infection revealed a change in expression of only the ␤ isoform, which was significantly decreased (P ϭ 0.004) by day 8 (Fig. 1A) .
Consistent with the RNA analyses, evaluation of CXCL12 protein expression within the brain microvasculature via confocal microscopy revealed a decrease in the intensity of staining in WNV-infected mice compared with uninfected controls (Fig. 1B) . Semiquantitative analysis of confocal images revealed that the level of CXCL12 protein expression at the BBB was decreased by Ϸ50% compared with that observed within the brain microvessels of uninfected mice (Fig. 1C) , and CXCL12 was detected only on basolateral surfaces of the endothelium [supporting information (SI) Fig. S1 ]. Similarly, examination of CXCL12 expression in human brain tissue from two individuals with WNV encephalitis revealed CXCL12 expression at basolateral endothelium surfaces only (Fig. S2 A) . To determine whether decreased expression of CXCL12 at the BBB affected the intraparenchymal trafficking of T cells, we examined the relative positions of CD3 ϩ cells with respect to the CD31 ϩ microvasculature via double-label immunohistochemical analyses of brains from mice at days 5 and 8 after infection with WNV. Consistent with the CXCL12 expression data, percentages of perivascular T cells were significantly lower, and parenchymal T cells were significantly higher at day 8 after infection ( Fig. 1D) .
Prior studies have demonstrated that leukocytes begin to infiltrate the CNS of WNV-infected mice at Ϸ1 week after infection (17) . Despite the significant decrease in CXCL12 expression at this time-point, the brain microvasculature in mice with WNV encephalitis displayed perivascular infiltrates because few leukocytes entered into the parenchyma at day 8 after infection ( Fig. 2A) . The vast majority of infiltrating CD45 ϩ perivascular leukocytes strongly expressed CXCR4 (Fig. 2 A Left and Right) . Detection of a ligandinduced, phosphorylated form of CXCR4 (pCXCR4) with phospho-serine 339 -CXCR4-specific antibodies (18) demonstrated that pCXCR4 was present only in a subpopulation of leukocytes within perivascular spaces. In contrast, leukocytes present in the vessel lumina were negative for the phosphorylated form of CXCR4 ( Fig. 2 A Center) . These data suggest that CXCR4-expressing leukocytes are not activated by CXCL12 until they enter the perivascular space. Consistent with the entry of CXCR4-expressing infiltrating leukocytes into the CNS, levels of CXCR4 mRNA within the brains of mice with WNV encephalitis were increased 4-fold at day 8 after infection, (Fig. 2B ) with no change seen at days 2 or 5. Flow cytometric analysis of the cells isolated from the brains of mice with WNV encephalitis revealed that these CXCR4 ϩ cells were primarily CD11b ϩ macrophages/microglia and CD8 ϩ T cells with few, if any, CD4
ϩ T helper cells (Fig. 2C ). Human CXCR4 staining showed a similar pattern of expression on leukocytes within perivascular infiltrates (Fig. S2B ). The expression patterns of CXCL12␤ and CXCR4 in the CNS suggest that these molecules regulate the trafficking of leukocytes into the perivascular space during WNV in both human and murine disease.
CXCR4 Antagonism Increases Survival and Decreases Brain Viral Bur-
den After WNV Infection. Given the predominance of CXCR4 expression on perivascular T cells in both murine and human brain during WNV encephalitis, we hypothesized that the CXCL12-CXCR4-mediated localization prevented migration by retaining cells in the perivascular space. Accordingly, disruption of this localization might promote migration of WNV-specific T cells into the CNS parenchyma and enhance recovery from WNV encephalitis. To test this, we treated 5-week-old C57BL/6 mice with the CXCR4 antagonist AMD3100, which specifically blocks binding of CXCL12 to CXCR4 (19) . To ensure sufficient levels of the antagonist throughout the 16-day experimental period, AMD3100 was delivered via a s.c. osmotic infusion pump. Continuous administration of AMD3100, beginning at the time of infection, increased (P ϭ 0.006) survival of WNV-infected animals to 50% compared with infected mice that received vehicle (PBS) alone (Fig. 3A) . Animals from both treatment groups showed clinical signs of infection including weight loss, hunching, fur ruffling, and decreased activity, although Ϸ50% of the mice treated with AMD3100 showed clinical improvement by day 8, whereas the PBS-treated mice continued to sicken until death.
Virologic analysis after treatment with AMD3100 revealed no differences in splenic viral burdens throughout the time course or brain viral burdens through day 6 between the two treatment groups (Fig. 3B) . However, by day 8, AMD3100-treated animals showed an Ϸ1,000-fold decrease in infectious virus within the brain compared with PBS-treated controls (P ϭ 0.0002) (Fig. 3C) . Thus, CXCR4 inhibition increased the survival of mice with WNV encephalitis and promoted viral clearance, specifically within the brain. Attempts at continuous dosing begun 4 days after exposure were unsuccessful because the combined stress of surgery and WNV neuroinvasion led to excessive mortality. Thus, therapeutic administration of AMD3100 by an i.p. route was attempted. Interval dosing of AMD3100 was difficult because of a maximum plasma half-life of only 0.9 h in rodents (20) (Ͻ6% remaining in plasma by 4 h after administration). Nonetheless, twice daily dosing of AMD3100 beginning at day 4 after infection still significantly prolonged survival (mean time to death of PBS and AMD3100 mice was 9.6 and 11.0 days, respectively, P ϭ 0.02), although no overall survival benefit was observed (Fig. S3 ).
CXCR4 Antagonism Enhances T Cell Penetration in the Brain After WNV
Encephalitis. To assess whether CXCR4 antagonism affected the intraparenchymal migration of mononuclear cells, we performed flow cytometric analysis of leukocytes isolated from the brains of AMD3100-and PBS-treated mice. On day 6 after WNV infection, when immune cells begin to migrate into the brain (17) , equivalent numbers of leukocytes were observed in the brains of both groups of animals (Fig. 4A Left) . However, by day 8 after infection, the number of brain leukocytes of PBS-treated mice had doubled, whereas in AMD3100-treated mice, the leukocyte numbers had declined (P Ͻ 0.05) (Fig. 4A Center and Right). There was no difference in the numbers of CD8 ϩ or CD4 ϩ T cells at day 6 or 8 after infection within the brains of AMD3100-treated mice compared with PBS-treated controls after WNV infection (Fig. 4B Center and Right). Instead, higher numbers (3.5-fold increase, P ϭ 0.007) of CD11b ϩ macrophages/microglia were detected in the brains of PBS-treated mice, accounting for the overall increase in cell number (Fig. 4B Left) . Because we speculated that the equivalent number of T cells in AMD3100-treated mice might localize to sites of infection and thus be more functionally relevant, we evaluated the penetration of CD3 ϩ cells into the brain parenchyma of WNV-infected PBS-and AMD3100-treated mice. Although inflammation was present in infected mice of both treatment groups, T cells within brain tissues of PBS-treated mice were primarily sequestered within the perivascular spaces whereas T cells in AMD3100-treated mice had migrated extensively into the tissue parenchyma at day 6 after infection (Fig. 4C) . Quantitative analyses of the positioning of CD3 ϩ cells, with respect to the CD31 ϩ endothelium, revealed a significant (3.4-fold, P ϭ 0.003) increase in the numbers of intraparenchymal CD3 ϩ cells within the brains of AMD3100-treated mice (Fig. 4D) . Analysis of CD3 ϩ cells within the brains of human patients with WNV encephalitis also demonstrated minimal parenchymal infiltration similar to that observed in PBS-treated mice (Fig. S2C) .
To determine whether the effect of AMD3100 was specific to CNS migration of leukocytes, we performed a similar analysis of splenic tissue obtained from WNV-infected mice at various days after infection. AMD3100 treatment had no effect (P ϭ 0.2 and 0.7) on total splenocyte numbers at days 3 and 6 after infection (Fig.  S4A ) or in the number of CXCR4 ϩ CD11b ϩ , CXCR4 ϩ CD8 ϩ , and CXCR4 ϩ CD4
ϩ cells collected at days 3, 6, and 8 after infection (Fig. S4B ). There were, however, significantly fewer (2.3-fold, P ϭ 0.01) total splenocytes (Fig. S4A) in the PBS-treated mice at day 8 after infection, which is consistent with the severe involution of the spleen that occurs in animals that succumb to WNV infection (21) .
Antagonism of CXCR4 Promotes CD8 ؉ T Cells Access to Virally Infected
Cells. The increased parenchymal migration and decreased viral loads observed in the brains of AMD3100-treated mice with WNV encephalitis suggested that antagonism of CXCR4 may function to increase encounters between WNV-specific CD8 ϩ T cells and virally infected target cells. To evaluate this, we analyzed T cell proximity to WNV-infected neurons via double-label, confocal microscopy at day 6 after infection, when absolute viral loads and numbers of brain infiltrating cells were equivalent between the treatment groups. In AMD3100-treated mice, T cells were dispersed throughout the parenchyma and in close proximity to areas with a high density of WNV-infected cells (Fig. 5A Right) . In contrast, in PBS-treated mice, T cells were retained in perivascular spaces and generally not present at the site of viral infection in the parenchyma (Fig. 5A Left) . The CD8 ϩ T cells isolated from the CNS tissues of AMD3100-treated mice at day 6 after infection were antigen-specific because they produced IFN-␥ after ex vivo stimulation with an immunodominant D b -restricted NS4B peptide (22) . Consistent with this finding, higher levels of antigen-specific T cells were observed in AMD3100-treated compared with PBS-treated animals (1.9-fold increase, P ϭ 0.01) (Fig. 5 B and C) . No difference in IFN-␥ levels after ex vivo stimulation was observed in splenic CD8 ϩ T cells from PBS-and AMD3100-treated mice, indicating that AMD3100 does not affect WNV-specific CD8 ϩ T cells in the periphery (Fig. 5C) . These experiments suggest that CXCR4 antagonism increases the efficiency of T cell migration into the brain parenchyma, which enhances the encounter of WNV-specific CD8 ϩ T cells with infected target cells, resulting in a more rapid viral clearance.
CXCR4 Antagonism Is also Associated with Decreased Glial Cell Acti-
vation Within the WNV-Infected Brain. Infiltrating leukocytes activate resident glial cells, often with deleterious and pathological consequences (7). To determine whether efficient viral clearance in the setting of CXCR4 antagonism altered immunopathology, we examined astrocyte and microglial activation at day 8 after infection; a time point at which dying, PBS-treated mice continue to develop immune cell infiltrates, and AMD3100-treated mice are recovering (Fig. 6) . GFAP, a marker for activated astrocytes, was widely expressed in PBS-treated mice, whereas very little GFAP expression was detected in AMD3100-treated mice (Fig. 6A) . The significant increase (2.4-fold, P ϭ 0.04) in total area of astrocyte activation (Fig. 6B) coincided with the presence of CD3 ϩ T cells (Fig. 6A) . Additionally, increases in microglia activation were observed even in the absence of extensive CD3 ϩ T cell infiltration (Fig. 6C) . Flow cytometric analysis revealed that although the total numbers of resting microglia were identical between mice with WNV encephalitis in both treatment groups, there was a trend toward an increase (P ϭ 0.07) in macrophages and a significant increase (6.8-fold, P ϭ 0.03) in activated microglia in the PBStreated animals at day 8 after infection (Fig. 6D) . Thus, antagonism of CXCR4 may additionally promote recovery by minimizing pathologic immune activation that occurs during viral encephalitis.
Discussion
The goal of an effective antiviral immune response is to clear pathogens without causing undue tissue injury. In the brain, which has little reserve for damage, the BBB serves to dampen immune activation by preventing the entry of leukocytes, whose presence within the CNS parenchyma are believed to be universally detrimental by inducing excessive glial cell activation (7) . Our data indicate that the opposite is true during CXCR4 antagonism, in the setting of WNV encephalitis, offering insights into the consequences of virus-specific T lymphocyte entry during cytopathic viral infections. We showed that the restricted entry of T lymphocytes at the BBB, which is mediated by CXCL12 and its receptor CXCR4, prevents virus-specific CD8 ϩ T cells from clearing WNV within the CNS parenchyma. CXCR4 antagonism, which released these cells from their sequestration within perivascular spaces, led to increased encounters with virus-infected targets within the brain parenchyma and enhanced viral clearance. The increased efficiency of this process limited the extent of immunopathology and enhanced survival. These data therefore provide evidence that the parenchymal location of virus-specific T cells is essential for the effective clearance of WNV within the CNS, which minimize glial cell activation. CD8 ϩ T cell migration into the CNS is required for clearance of a variety of neurotropic viruses, including mouse hepatitis virus (23), WNV (17), lymphocytic choriomeningitis virus (24), Japanese encephalitis virus (25) , and measles virus (26) . T cell control of an acute cytopathic viral infection in the CNS, however, may be offset by direct and/or bystander damage from cytotoxic effects. Indeed, infection with less cytopathic lineage II strains of WNV results in extensive CD8
ϩ T cell-mediated neuronal injury and death (27) . Virus-specific versus bystander CD8 ϩ T cell infiltration could differentially activate glial cells and lead to neuronal injury (7). As expression of CXCR4 is induced on murine cytotoxic CD8 ϩ T cells after in vivo activation (28), CXCR4 antagonism may preferentially induce the migration of virus-specific CD8 T cells. Glial activation, however, may also be triggered by specific T cell subsets or antigen targets because AMD3100-treated mice with EAE display increases in both intraparenchymal T cell migration and in numbers of activated microglia (5) .
Our data also suggest that the homeostatic function of CXCL12 in preventing leukocyte egress at the BBB may be maladaptive in the setting of WNV infection. Although down-regulation of the endothelial cell-specific isoform CXCL12␤ might occur during inflammatory responses that require parenchymal penetration of immune cells (16) , this is apparently insufficient to allow efficient T cell trafficking during WNV encephalitis. In contrast, redistribution of CXCL12 across the endothelium has been observed to occur during CD4 T cell-mediated CNS autoimmune diseases. Thus, during experimental EAE (5) and MS (8), CXCL12 is no longer concentrated within the perivascular space, and CXCR4-expressing CD4 T cells readily enter the parenchyma and induce inflammatory demyelination. The mechanisms that regulate CXCL12 expression at the BBB are unknown but may relate to factors expressed by infiltrating immune cells. Thus, contrary to the role of CXCL12 within secondary lymphoid tissues (29) , the movement of leukocytes into and out of CNS perivascular spaces relies on regulation of ligand expression and/or location rather than at the chemokine receptor level. Future studies using tissue-specific transgenic approaches are needed to further define in vivo roles of CXCL12 and CXCR4 at the BBB during WNV and other viral encephalitides.
Outside the CNS, CXCR4 is ubiquitously expressed on leukocytes and coordinates their trafficking within secondary lymphoid tissue (30) . Decreased responsiveness to CXCL12 and surface expression of CXCR4 occurs during the evolution of antiviral immune responses, allowing proper egress of leukocytes that participate in pathogen clearance (31) . Consistent with these findings, we did not see alterations in T cell trafficking, virus-specific immune responses, or viral clearance within the spleens of WNV-infected mice treated with AMD3100, compared with similarly infected, vehicle-treated animals. In disease models in which CXCL12 acts in a homeostatic function to localize leukocytes to endothelium, CXCR4 antagonism leads to increased tissue inflammation (5, 32) . Our data demonstrating that CXCR4 antagonism promotes parenchymal CD8 T cell infiltration into the brain therefore supports its homeostatic role at this tissue site.
Based on our studies, CXCR4 antagonists may be expected to expedite viral clearance in acute viral encephalitides that require influx of protective lymphocytes. Thus, regulation of leukocyte infiltration may be a therapeutic strategy for control of CNS viruses, many of which lack specific treatments. Indeed, in a murine model of rabies encephalitis, administration of a sex steroid enhanced BBB permeability, promoted immune cell penetration into the CNS, and improved survival (33) . These studies and our data suggest that ineffective pathogen clearance during viral infections of the CNS parenchyma may be the result of BBB restraint, which hinders immune responses specifically within the CNS. Immunotherapy with CXCR4 antagonists alone or in combination with antiviral modalities (34) might enhance clearance within the CNS in potentially fatal viral infections.
Resolution of CNS infection is often a balance between immunemediated pathogen clearance and the deleterious effects of inflammation. We have shown that CXCL12 localizes lymphocytes within CNS perivascular spaces in both humans and mice with WNV encephalitis. Our work illustrates that manipulation of the immune response by the use of chemokine receptor antagonists can promote an early increase in immune cell trafficking that controls viral infection, ultimately leading to a rapid dampening of inflammation that can have pathologic consequences.
Materials and Methods
Mouse Model of WNV Infection. Five-week-old male C57BL/6 mice (Jackson Laboratories) were used for all experiments. Mice were maintained under pathogen-free conditions (Department of Comparative Medicine, Washington University), and studies were performed in compliance with the guidelines of the Washington University School of Medicine Animal Safety Committee. The WNV strain 3000.0259 was isolated in New York in 2000 and passaged as described (35) . Anesthetized mice were infected via footpad with 10 pfu of WNV as described (15) . Immunohistochemical and virological analyses of WNV-infected tissues were performed as described (5, 15) .
Quantitative RT-PCR. Total RNA and quantitative RT-PCR (QRT-PCR) was performed by using primers generated with Primer Express 2.0 software (Applied Biosystems) for CXCL12 isoforms and CXCR4, as published (5).
Antibodies. The following antibodies were used in this study: CXCL12 rabbit polyclonal (Peprotech), IgG isotype (Jackson ImmunoResearch), CXCR4 polyclonal (panCXCR4, Leinco), monoclonal rat anti-mouse-CD31 (PECAM) (BD Pharmingen), anti-CD11b (BD PharMingen), anti-CD3 (Dako), and anti-GFAP (Invitrogen) antibodies; WNV antigen immune rat serum (12) ; and fluorescently conjugated antibodies against CD4, CD8, CD11b, CXCR4, and IFN-␥ (BD PharMingen). Phosphoserine 339-CXCR4 specific antibodies (pCXCR4) have been described (18) .
Immunohistochemistry. Frozen sections were prepared from animals perfused with PBS as described (5) . Detection of CXCL12, CD3 and anti-CD31 (PECAM), and CXCR4 with panCXCR4 and pCXCR4 antibodies was performed as described (5, 18) . Primary antibodies were detected with goat anti-rabbit or anti-rat IgG conjugated to Alexa 555 or Alexa 488 (Molecular Probes), and nuclei were counterstained with ToPro3. Sections were analyzed by using a Zeiss LSM 510 laser scanning confocal microscope and accompanying software (Zeiss). Quantitative analyses of parenchymal T cells was performed in a blinded fashion by counting the numbers of CD3 ϩ cells that were not associated with CD31 ϩ microvasculature, per high power field.
Flow Cytometry. Cells were isolated from WNV-infected mouse tissues as described (36) and stained with fluorescently conjugated antibodies to CD4, CD8, CD11b, CXCR4, and IFN-␥. Data collection and analysis were conducted with a FACScalibur TM flow cytometer by using CellQuest TM software (Becton Dickinson), as described (5) . Differentiation between infiltrating macrophages and microglia in WNV-infected brain tissues was accomplished via comparisons between levels of CD45 and CD11b staining, as described (5).
In Vivo AMD3100 Treatment. Continuous dose treatment with AMD3100 or PBS was achieved by using 14-day osmotic pumps with an infusion rate of 0.5 l/h (Alzet), as described (5) . Osmotic pumps were implanted s.c. at the time of WNV infection. For experiments performed after exposure, 100 g of AMD3100 in sterile PBS or PBS alone was administered i.p. every 12 h.
Peptide Restimulation of T Cells. Leukocytes were isolated from brains and spleens from WNV-infected mice on day 6 after infection, stimulated with an immunodominant D b -restricted NS4B WNV peptide, and stained for IFN-␥, as described (22) Statistical Analysis. Data were analyzed by using Prism software (GraphPad). The Student's t test was used to determine the statistical significance of QRT-PCR, histological, and flow cytometry analyses. For survival experiments, KaplanMeier survival curves were analyzed by the log-rank test. For virus burden experiments, statistical significance was determined via the Mann-Whitney test. In all experiments, P Ͻ 0.05 was considered to be significant.
